Myxococcus xanthus strains containing transcriptional fusions to lacZ were analyzed and fractionated by differences in their levels of ,3-galactosidase expression. The fluorogenic substrate for j-galactosidase, fluorescein di-.& galactopyranoside, was introduced into M. xanthus cells during a rapid decrease in osmolarity of the medium followed by a return to isoosmolarity. Fluorescein, the product of hydrolysis, was retained within the cells and their viability was preserved.
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Fluorescence increased linearly with time and was proportional to -galactosidase activity. ,3Galactosidase expression in most fusion strains, though beginning at different phases of growth or development, was distributed unimodally amongst cells. However, fusion strain TnS lac Q4473 was shown to be heterogeneous at 9 hr of development. It was possible to separate physically cells that expressed ft-galactosidase at a high level from other, still viable, cells with no expression. The approach described here could be adapted to study differentiation in plants and animals as weUl, where transcriptional fusions and fluorogenic substrates for enzyme probes of gene expression also can be used.
As organisms develop, they change both temporally and spatially the set of genes they express. Transcriptional fusions to ,3galactosidase, for which many analytical tools have been constructed, can be used to detect and to measure these changes in organisms lacking endogenous ,B-galactosidase activity (1, 2) .
Myxococcus xanthus renders both temporal (3) and spatial (4) changes in developmental gene expression readily accessible to experiment. M. xanthus is a Gram-negative bacterium that builds multicellular structures, called fruiting bodies, having a species-specific size, shape, and color and within which rod cells differentiate into spherical spores (5, 6) . Their developmental pattern of cellular aggregation followed by differentiation parallels the development of cellular slime molds (7) and the differentiation of cartilage and bone in vertebrates (8) . The M. xanthus program is initiated by starvation, proceeds in a reproducible time sequence, and requires cell movement for its completion (3, 9) . A library of strains has been assembled, each containing a transcriptional fusion of lacZ to a different developmentally regulated promoter (3, 10) .
Fluorescence-activated cell sorting (FACS) has often been used to separate cells that express different antigens. Extending FACS to the analysis and sorting of bacterial cells based on their individual cellular enzyme activities posed several technical challenges. The small size of bacteria required detecting low total levels of enzyme activity. A method using fluorescence would seem to offer the needed sensitivity, and fluorogenic substrates for 3-galactosidase are available. Substrate had to be introduced into the cells whereas the hydrolysis product had to be retained, and the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
MATERIALS AND METHODS
Preparation of Cells. Bacteria were grown as described (3, 14, 15) , were harvested when they had reached 70-100 Klett photometer units (3.5-5 x 108 cells per ml), and were suspended in TPM buffer (10 mM Tris/1 mM potassium phosphate/8 mM MgSO4, pH 7.6). To obtain cells early in the process of fruiting-body development, they were grown as described above, then suspended and incubated in liquid MC7 medium at a concentration of 1000 Klett units (5 x 109 cells per ml). MC7 medium, which lacks nutrients, induces the preaggregation stages of development (15) . To examine bacteria in later stages of development (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 7 ,um in length) and their forward scatter signal is correspondingly small. As a consequence, the forward scatter channel did not resolve cells well enough from background noise to be used as the threshold detector. Instead, side scatter was used to detect cells and to distinguish them from cell fragments and culture debris (16, 17) . Even though the forward scatter signal had too much noise for a threshold, once a cell had been detected by its side scatter, the forward scatter measurement was significant and was recorded.
To measure ,B-galactosidase activity by fluorescence, fluorescence and scatter data were collected for at least 10,000 cells per sample. By using 18) , these data were stored in list mode. To represent the entire population of 10,000 cells at each time point (in a kinetics experiment, for example), the scale value of the 80th percentile of fluorescence was measured and recorded as fluo- (3, 19) . FDG was introduced into the cells by a modification of the osmotic shift procedure of Nolan et al. (11) and Krasnow et al. (12) . Modification was required because M. xanthus grows optimally at low (10 mM) salt and fails to grow at 150 mM NaCl (20) . Nevertheless, little FDG was hydrolyzed unless the bacteria were first equilibrated with 50 mM or 100 mM NaCl, rapidly diluted to 1 mM, and then restored to 10 mM. This treatment generated a population of strongly fluorescent cells (Fig. 1) . Initial exposure to 75 mM (data not shown) had the same effect. Comparison of the 50 and 100 mM panels of Fig.  1 with each other (or with 75 mM) illustrates the reproducibility of the fluorescence intensity and particle size distributions (measured by forward scattering shown on the ordinate in the lower panels) of cells subjected to the osmotic changes employed for FDG loading. Initial salt concentrations higher than 100 mM were tested, but these samples loaded less FDG.
Cell-to-cell variation in uptake of FDG would limit the precision of fgalactosidase activity measurements based on fluorescence intensity. Rather than study the uptake of the nonfluorescent FDG, fluorescein, whose chemical properties resemble those of FDG, was used instead. Cells were loaded with 10 ,tM fluorescein by the same procedure as for FDG, held for 45 min, and then sorted by FACS (Fig. 2) . A single narrow peak was obtained, showing uptake and retention for at least 45 min, a time sufficient for a typical FACS analysis.
The ratio of peak half-width to mean fluorescence intensity was taken as a normalized measure of variation. For the distribution shown in Fig. 2 , this ratio was 0.5 (half-width of S for a mean of 10), the same as the ratio for the autofluo-0 mM NaCl 50 mM NaCl 100 mM NaCl rescence variation of a population of Lac-(DK1622) cells which showed a half-width of 0.5 for a mean of 1 (data not shown). The autofluorescence of a Lac-strain is about 1 fluorescence unit; fluorescent pigments have been reported in M. xanthus (21). This similarity between uptake variation and autofluorescence variation implies that the observed uptake variation can be explained by the variation in length among asynchronous cells in different cell-cycle stages (22). It follows that variation in fluorescein uptake is insignificant relative to the variation in cell length, and hence cell volume. To the extent that uptake of FDG resembles that of fluorescein, substrate uptake was concluded to be sufficiently uniform from cell to cell to provide reliable fluorescence measurements of f3galactosidase activity in individual cells.
Statistical accuracy was obtained by examining 10,000 cells per sample.
A mixture of equal numbers of Lac-(DK1622) and Lac+ (DK7501) cells was well resolved by FACS into two approximately equal populations of strongly and weakly fluorescent cells. The strongly fluorescent peak in that output (not shown) had the same intensity as FDG-loaded DK7501, about 50 fluorescence units (Fig. 1) ,&M PETG, a significant level offluorescence developed at an approximately constant rate; to maintain sensitivity, the concentration of 20 ,uM PETG was adopted. Fig. 3 shows the kinetics of appearance of fluorescence, using 20 ,uM PETG, for the three lacZ fusion strains DK7501, DK7545, and DK7527; samples of these three strains were taken every half minute between 1.75 and 10 min of enzymatic reaction. Fluorescence developed at a constant rate for 8 min for each of the three strains, indicating that an enzyme-limited condition had been achieved.
The approximately linear fluorescence increase of Fig. 3 implies that, under these conditions, the rate of fluorescence accumulation should be proportional to the intracellular (inhibited) l3-galactosidase activity. Since ,B-galactosidase is stable in M. xanthus cells (10), the activity is tentatively assumed to be proportional to the level ofenzyme protein. To test whether the intracellular rate of fluorescence accumulation is an accurate measure of -galactosidase activity, the rate of FDG hydrolysis measured by FACS was compared with o-nitrophenyl f3D-galactopyranoside (ONPG) hydrolysis in a sonic extract made from a mass culture suspension of the same strain under the same conditions. Such comparisons were made with the three strains and experiments of Fig. 3 ; the relative rates of fluorescence accumulation were DK7545 < DK7527 < DK7501. This is the same rank order as the rates of ONPG hydrolysis for sonic extracts of the same strains, which were 52, 83, and 231 Miller units, respectively. Gene Expression in Differentiating Cells. Changes in (3-galactosidase activity were measured in cells that were beginning their development and differentiation. DK4521 carries a lacZ transcriptional fusion (fQ4521) that expresses very little ,fgalactosidase during growth, then begins high-level expression of the enzyme a few hours after development is initiated by nutrient limitation (3, 15) . In this strain, lacZ is fused to an early, development-specific promoter. Fig. 4A shows the 80th percentile fluorescence of the population for cells that had been developing for 1, 2, 3, or 5 hr as a function of the enzymatic reaction time. In each population the fluorescence increased linearly with time. The rates of fluorescence increase for the first 3 min of reaction measured from these curves are shown in Fig. 4B . These fluorescence increases track the values of -galactosidase activity measured by ONPG hydrolysis on the mass cultures before FACS (Fig.  4C ). Fluorescence increases also detected the first cells to produce 3-galactosidase after development was induced by starvation. Fig. 4D quantifies the correlation between fluorescence from populations of single cells and ONPG hydrolysis from corresponding mass cultures. Similar results were also obtained in five independent experiments. Also plotted in Fig. 4D , as open circles, are the corresponding data for strains DK7501, DK7545, and DK7527. The regression line in Fig. 4D does not pass through the origin because there is a small amount of o-nitrophenol production (from ONPG) in cell extracts present before development starts ( Fig. 4C; refs. 3 and 15 ). It appears that fluorescence has a lower background than ONPG hydrolysis; compare the 1-and 1.5-hr samples in Fig. 4 B and C. Since fluorescence is given in arbitrary units, the 3galactosidase activities are relative values. Nevertheless, the relative specific activities for all four strains are proportional to the (ONPG) ,B-galactosidase specific activities. The correlation between ,B-galactosidase activity levels in FACS with activity levels determined by colorimetric (ONPG) assay demonstrates that FACS-based analysis is a valid and concordant supplement to colorimetric assays on the mass cultures.
3-Galactosidase activity was also measured in fusion strains which-like fruiting-body development itselfrequire, in addition to starvation of cells at a high density, an agar (or other) surface for enzyme expression. Cells in the course of fruiting-body development were scraped from the agar surface, suspended in TPM buffer, loaded with FDG, and analyzed by FACS. The rate of fluorescence accumulation was measured in three strains that have lacZ fusions to different developmentally regulated promoters: DK4473 has a promoter that becomes active before 8 hr; DK4499 has a promoter that begins to be active at 7 hr; and DK4506 has one that becomes active at 14 hr (3) . Again the rate of fluorescence increase correlated with ONPG hydrolysis, for all three strains. In addition, the relative time at which a discrete population of highly fluorescent cells first appeared in the FACS assay corresponded to the time at which f3galacto-sidase initially increased above basal levels as assayed by ONPG hydrolysis. These results further support the reliability of the FACS measurements as a concordant supplement to the ONPG hydrolysis assay even for cells developing on agar. Significantly, the cell-to-cell distribution of ,B-galacto- sidase activity was unimodal in the developing strains DK4521, DK4499, and DK4506, implying that the enzyme was accumulating in roughly similar fashion in all the cells of each of these strains (data not shown).
However, a qualitatively different result was obtained for DK4473. The TnS lac insertion in DK4473 reports the activity of a gene, devR, which behaves like an essential regulatory switch in Myxococcus fruiting-body development (L. ThonyMeyer and D.K., unpublished work). FACS profiles for DK4473 at developmental time points of 0, 2, 4, 6, 8, and 10 hr are presented in Fig. 5 Left. Although some /3galacto-sidase expression (above background) is evident in the 0-hr sample, at 2 hr a distinct population of expressing cells is evident as a leading peak (see 2-hr Inset). At 4 hr the leading peak has increased somewhat in size. There is little change in the apparent number of cells in the leading peak thereafter, but its mode continues to shift to higher fluorescence intensities, at least up to 8 hr. These profiles suggest the existence of a subpopulation of cells that express f-galactosidase distinct from a second subpopulation of nonexpressing cells.
If the difference between these two subpopulations were due to differences in FDG uptake, that difference should also have been evident in the 2-, 4-, and 6-hr cultures of DK4499, DK4506, and DK4521, but those populations were unimodal. To investigate the existence of a distinct subpopulation of cells expressing high enzyme levels, the peak of expressing cells in the DK4473 sample taken at 9 hr of development (highlighted in Fig. 5 Right) was isolated by FACS and then reanalyzed. Fig. 5 Right shows the FACS fluorescence distributions before and after sorting. After sorting, the cells retained their high activity state. No cells expressing low levels were detected in the sorted subpopulation. These results support the view that the two cell populations, one expressing a high level of ,B-galactosidase and the other virtually none, correspond to two different regulatory states.
The discrimination of FACS is potentially more refined than a selection based (for example) on drug resistance, 
